The Paleogene "Red Bed", the alternative strata for oil and gas exploration in the South Slope of the Dongying Depression, refers to a set of red clastic sediments of the lower 4 th member of the Shahejie Formation and the 1 st
INTRODUCTION
The Paleogene "Red Bed" refers to a set of red clastic sediments of the lower 4 th member of the Shahejie Formation (Es 4 x ) and the 1 st member of the Kongdian Formation (Ek 1 ) in the deep-layer of the Dongying Depression. After more than 40 years of exploration and exploitation, the former main oil-bearing strata of the depression possess less potential. Therefore, more attentionis paid on deep-layer to seek backup reserves. Since the exploration of the Red Bed in 2008, many industrial oil flows have been found. Up to 2010, the total proved geological oil reserves and the third-order geological oil reserves of the Red Bed were reported as 2663 × 10 4 t and 14774 × 10 4 t, respectively, which have a wide distribution and indicate an encouraging exploration prospect. As the typical oil-rich depression of the Bohai Bay Basin, it is of important significance to study the controlling factors on oil and gas accumulation and the accumulation modes of the Dongying Depression for guiding the deep-layer oil and gas exploration in the area. Meanwhile, it is also meaningful for the deep-layer oil and gas exploration of similar depressions in the Bohai Bay Basin.
GEOLOGICAL BACKGROUND
The Dongying Depression is a sub-order structural unit located in the Jiyang Sub-basin of the Bohai Bay Basin; meanwhile, it is one of the depressions with the most abundant oil and gas in the fault basins of East China (Sun et al., 2006; Sun et al., 2009; Jiao et al., 2009) . Besides, it is a dustpan-shaped fault depression, showing "North Fault and South Onlap" due to the effects of the Chennan Fault. The South Slope of the Dongying Depression, located at the gentle slope belt and the depression zone, is a second-order structural unit and consists of more than two fault terraces that are incised by several faults (Fig. 1) . The South Slope develops three Paleogene formations from the bottom to top: Kongdian Formation, Shahejie Formation and Dongying Formation (Table 1) . And the lower 4 th member of Shahejie Formation (Es 4 x ) and the 1 st member of Kongdian Formation (Ek 1 ) compose a set of terrestrial clastic sediments that were formed in arid environment, showing amaranth or red color due to the oxidizing sedimentary environment, namely the "Red Bed". This Red Bed is a reservoir bed and cannot generate hydrocarbon by itself, therefore needs other source rocks to provide hydrocarbon to it. And the lower 3 rd member and the upper 4 th member of the Shahejie Formation (Es 3 x and Es 4 s ) are the main two source rocks (Zhang et al., 2003a; 2003b; Zhu et al., 2003; Zhang et al., 2011) , while the 1 st , 2 nd , 3 rd and the upper 4 th members of the formation are the former major oil-bearing layers of this area. However, these oil-bearing layers come to the end of their exploration and exploitation. Thus, as the alternative strata for oil and gas exploration in the South Slope of the Dongying Depression, the Red Bed becomes more important and gets more attentions than before.
CONTROLLING FACTORS ON OIL AND GAS ACCUMULATION
In this paper, according to the statistics of oil and gas static characteristics, analysis of oil-origin types, study of pathway system and recovery of oil and gas accumulation, the controlling factors on oil and gas accumulation of the Red Bed were summarized as follows. 
Source rock controlling oil and gas distribution
The distribution of oil and gas are closely related to the source rock characteristics (Hu, 1982; Jiang, 2007; Hu et al., 2011) . According to the oil-source rock correlation, the Red Bed oil on the South Slope of the Dongying Depression is mainly from the overlying Es 3 x and Es 4 s source rocks, while the latter one is more important (Meng et al., 2010; . By superimposing the figures of hydrocarbon-expulsion intensity of Es 4 s source rock and oil and gas accumulations of Red Bed, it can be clearly seen that oil and gas were mainly distributed within a range of 10 km to the hydrocarbonexpulsion boundary (Fig. 2) . Based on the hydrocarbon-expulsion intensity of Es 4 s source rock, the relationships of Red Bed reservoir number with hydrocarbonexpulsion center and boundary were summarized as normal distribution. Most of the reservoirs distribute within a range of 12˜24 km to the hydrocarbon-expulsion center, while they also distribute within 6 km to the hydrocarbon-expulsion boundary (Fig. 3) .
Physical features of reservoir bed controlling trap oiliness
The physical features of reservoir bed is a key factor affecting the accumulation of oil and gas, and under the same geologic background, the better the physical features of reservoir bed are, the more easily the traps form accumulations. The lower limit of the Red Bed traps accumulating oil and gas in the South Slope of the Dongying Depression has close relationship with the porosity of the reservoir bed: the porosity of the oil layer decreases gradually with increasing depth and is generally bigger than 8%, while that The South Slop of Dongying Depression Lu xi U pl ift Y a n s h a n U p li ft T a ih a n g s h a n Gao-42
Gao-10 Q in g c h e n g b e i G e n tl e S lo p e Figure 1 . Regional geological draft of the South Slope of the Dongying Depression (Meng et al., 2011) . Gray and dark gray mudstone interbedded with sandstone Lake of dry layer is generally smaller than 8% and shows a clear dividing line with the former porosity. Moreover, the porosity and permeability of reservoir bed are key factors affecting oil saturation. Generally speaking, bigger pore throat radius, smaller pore sinuosity and better connectedness of reservoir bed mean better permeability and smaller resistance of oil and gas displacing water, thus leading to higher oil saturation; on the contrary, resulting in smaller oil saturation. The statistic results of the Red Bed in the South Slope of the Dongying Depression show positive relationship of the oil saturation of the Red Bed with porosity and permeability, and the oil saturation increases from 43% to 80% with increasing porosity and permeability (Fig. 4) .
Faults controlling oil and gas source and trap conditions
Within the Red Bed in the South Slope of the Dongying Depression, there are widely developed long-term active synsedimentary faults, such as the Gaoqing-Pingnan Fault. Most of these faults have relative bigger fault throw, resulting in that the Es 3 x and Es 4 s source rocks on the downthrown side laterally joint or vertically connect with the Red Bed reservoir bed on the uplifted side, thus become the most important oilsource faults in the research area. Besides, there are many small and short-term active faults developed in this area, causing the strata to form short leaps, so as to form the barrier conditions for the traps. 
Strata attitude relationship on the two sides of the faults controlling trap conditions
Under the regional stretching stress, the Red Bed in the South Slope of the Dongying Depression is relatively gentle and lacks large-scale anticlines. Therefore, the oil-gas reservoirs are mainly of fault nose type or fault block type, which indicates the importance of faults on oil and gas accumulation. According to the strata attitude relationship on the two sides of the faults, the faults in the research area were divided into consequent faults and antithetic faults. As shown in the Figure 5 , the leap of consequent faults makes the Es 3 x and Es 4 s source rocks on the downthrown side to join with the Es 4 x and Ek 1 Red Bed on the uplifted side for oil and gas migration; while that of antithetic faults causes the Es 3 x and Es 4 s mudstones on the downthrown side to form barriers in the higher place so as to form fault block or fault nose traps.
Take the Ek 1 in the Wangjiagang area for example. Here there were drilled 19 typical fault blocks or fault nose traps and 15 of them accumulating oil and gas belong to antithetic fault block/fault nose type, while three of the other four traps without oil and gas accumulation belong to consequent types. This explains that the antithetic faults are favorable for forming barrier conditions to form effective fault block/fault nose traps, thus should be considered as the exploration target.
Fault plane form controlling oil and gas accumulation
The fault attitude and its change along the strike or vertical direction lead to different fault plane forms, and the contacting relationship of fault plane and source rock and the fault plane form have important effects on the oil and gas migration mode. Along one fault, the area closer to source rock and with the plane form protruding to the source rock is favorable for accumulating oil and gas. Luo et al. (2007) divided the migration modes of fluids flowing along fault plane into three types: convergent, parallel and divergent. Convex (anticline) type fault belongs to the convergent type, develops advantage migration pathway and has higher oil and gas enrichment degree; concave (syncline) type belongs to the divergent type, with no migration pathway and not good for accumulating oil and gas in consequence. It can be seen in the Figure 6 that the Well Bin-169 and Well Liang-90 are located along the ridge line of convex type fault plane that is favorable for oil and gas enrichment, thus found reservoirs within Ek 1 ; however, the Well Liang-230, Well Liang-224 and Well Liang-222 are all on the concave type fault plane and without any oil and gas accumulation, therefore are all defeated.
Fault throw and contraposition of the two sides controlling oil and gas migration
Due to the Red Bed oil is mainly from the Es 3 x and Es 4 s source rocks in the Dongying Depression, forming a kind of source rock-reservoir bed relationship as "upper generation and lower accumulation". Therefore, the pathway effect of oil-source faults is of vital importance to the Red Bed oil and gas accumulation. The Red Bed oil reservoirs that have been found are all located within the distance of 10 km to the oilsource faults. Statistics manifest that the number of the Red Bed wells with oil and gas shows decreases sharply with their increasing distance to the oil-source faults (Fig. 7) .
The controlling effects of oil-source faults on oil and gas can be divided into two aspects: one is the leap of oil-source faults causes the oil and gas generated from the overlying source rock to migrate into the Red Bed sandstone on the other side; the other is the size of fault throw can result in different contraposition relationships 948 
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Bin between the two sides of the faults, leading to different oil and gas sources in different places of the Red Bed. Meng et al. (2011) classified the Red Bed oils in the South Slope of the Dongying Depression into four source types: Type I crude oil is from the Es 3 x source rock; Type II crude oil is from the Es 4 s source rock; Type III crude oil is a mixture of Type I and Type II crude oils; Type IV crude oil is a mixture of Type II crude oil and a kind of oil which might be generated from a set of unknown deep-layer source rocks. As shown in the Figure 8 , the fault throw of the faults in the western South Slope of the Dongying Depression is relatively bigger, and the faults connect s source rock, thus the oil here is mainly of Type II and Type IV. Therefore, the fault throw of oil-source faults controls the distribution of crude oils with different source types.
Nose structural zone controlling oil and gas migration and enrichment zone
The nose structural zone formed through multi-phase tectonic actives is the important area for oil and gas migration and accumulation. As shown in the Figure  9 , the oil and gas distribution is controlled by the nose structural zones. And the oil reservoirs found in this area are mostly located in the nose structural zones which are incised by oil-source faults, such as the Jinjialiuqiao in the west, Chunhualean in the middle and Chenguanzhuang-Wangjiagang in the east, and these nose structural zones are all the main accumulation areas of the Red Bed oil and gas.
Besides, the ridge of nose structural zone is the advantage migration path for the Red Bed oil and gas, allowing the oil and gas to migrate into the higher place of the nose structural zone so as to form accumulations. Wang et al. (2005) thought that, because of the lone pair electrons of sulfur atoms on the thiophene rings of dibenzothiophene can form hydrogen bonds with the hydrogen atoms with electropositivity of the surrounding media, resulting in the dibenzothiophene absorbed by the media, thus leading to the fractionation effects during the migration process. Dibenzofuran is the sham-homologue of carbazole, thus can also be used to indicate the oil and gas migration direction (Liu et al., 1996; Li et al., 2001a; 2001b; . As shown in the Figure 10 , along the ridge of nose structural zone, the values of 4-/1- Figure 9 . Map showing the relationship between the Red Bed nose structural zones and the oil and gas distribution in the South Slope of the Dongying Depression.
MDBT and 4-/1-MDBF decrease from lower to higher places, indicating that the oil and gas migrated into the structure high spots along the structure ridge. The collected freezing point data of the Ek 1 crude oil in the Wangjiagang area show that along the ridge of nose structural zone, the freezing point gradually decreases from lower to higher places, which also explains that the oil and gas migrated into the structure high spots along the structure ridge (Fig. 11) .
OIL AND GAS ACCUMULATION MODES
According to the dissection of the Red Bed oil and gas accumulation process in the South Slope of the Dongying Depression and combined with the static geological characteristics, three oil and gas accumulation modes of Es 4 x and Ek 1 were built: (1) joints of source rock and reservoir bed act as lateral pathway for oil and gas accumulation, (2) faults act as vertical pathway for oil and gas accumulation and (3) high pressure of deeper depression results in oil and gas flowing downward to form accumulation (Fig. 12) . hydrocarbon-expulsion threshold. And the generated crude oil migrated into the Red Bed on the uplifted side through fault planes and was kept by faults to form fault block or fault nose reservoirs, or migrated into higher places through the ridge of nose structural zone to form fault nose reservoirs. This kind of mode has a wide distribution and forms many reservoirs that distributes along the faults and nose structural zones, becoming the major part of the Red Bed reservoirs in the South Slope of the Dongying Depression.
Faults act as vertical pathway for oil and gas accumulation
The Gaoqing-Pingnan Fault has the fault throw bigger than 600 m and up to 2000 m in some areas. The leap of the faults results in the Es 3 x and Es 4 s source rocks on the downthrown side lying under the Red Bed on the uplifted side, meanwhile leads the source rocks to be buried more deeply. The crude oil generated by the mature Es 3
x and Es 4 s source rocks migrated into higher places along the faults vertically, and accumulated into the Red Bed traps on the uplifted side, mostly forming structural or structural-lithologic reservoirs. The oil reservoirs formed in this kind of mode mainly distribute on the uplifted side of the Gaoqing-Pingnan Fault.
High pressure of deeper depression results in oil and gas flowing downward to form accumulation
Many scholars thought that when the pressure of source rock bed gets higher than 5 MPa, the generated oil and gas can flow downward in a distance of 200˜530 m (Fu and Wang, 2008; Shi et al., 2009; Yu, 2010) . Based on the analysis of the basin modeling software-PetroMod, it can be seen that the Es 3 x and Es 4 s source rocks in the Boxing Sag entered the hydrocarbon-generation stage during the Minghuazhen sedimentary period, with the residual pressure higher than 13.34 Mpa and the corresponding pressure coefficient as 1.45. A large set of Es 3
x mudstone and shale and thick Es 3 z mudstone lay on the Es 4 s source rock, resulting in an overpressure fluid system between the top of Es 3 z mudstone and the bottom of Es 4 s source rock, forming differential pressure potential energy for oil and gas to flow downward below the interface of overpressure fluid system (Sui, 2004) . During the Minghuazhen sedimentary period, some oil-source faults were still inactive. And under the overpressure system between Es 3 z and Es 4 s , the oil and gas generated from Es 4 s source rock flowed backward into the Es 4 x and Ek 1 traps which are of smaller residual pressure along open faults, and then formed reservoirs. The oil reservoirs formed in this kind of mode only distribute in the deeper sag with a limited distribution.
Take the Well Fanshen-1 reservoir for example. The interpreted oil layer of Es 4 x is 6 layers with a total thickness of 12.4 m, while that of Ek 1 is 3 layers with a total thickness of 11.1 m. The oil-source rock correlation shows that the Ek 1 oil is from the Es 4 s source rock of the Boxing Sag. The homogenization temperatures of brine inclusions associated with oil inclusions in Ek 1 reservoir bed are 125.5 °C and 134.4 °C, and according to the burial history-homogenization temperature projection, the corresponding oil and gas charging time is 5.05 Ma and 4.19 Ma, respectively. This period is just the hydrocarbon-generation period of Es 3 x and Es 4 s source rocks as well as the active period of Well Fanshen-1 faults, and the generated oil and gas flowed backward into the Es 4 x and Ek 1 reservoir beds along open faults under the drive of overpressure system.
CONCLUSIONS
(1) The controlling factors on the Red Bed oil and gas accumulation were summarized as the following: source rock controlling oil and gas distribution, physical features of reservoir bed controlling trap oiliness, faults controlling oil and gas source and trap conditions, and nose structural zone controlling oil and gas migration and enrichment zone. Wherein, the fault is vital for oil and gas accumulation and the effects can be summarized as three aspects: strata attitude relationship on the two sides of the faults controlling trap conditions; fault plane form controlling oil and gas accumulation; fault throw and contraposition of the two sides controlling oil and gas migration. (2) Based on the statistics of static accumulation geological characteristics and the recovery of dynamic accumulation geological process, three Red Bed oil and gas accumulation modes were built: joints of source rock and reservoir bed act as lateral pathway for oil and gas accumulation, faults act as vertical pathway for oil and gas accumulation and high pressure of deeper depression results in oil and gas flowing downward to form accumulation.
